This case study explores requirements evolution of a medical device system. The study focuses on the analysis of requirements via interviews and document analysis. The mechanical, software, and systems engineering directors were interviewed regarding eight revisions to the design specifications (>1000 total design requirements). Findings suggest 1) change in requirements leadership, 2) market strategy, and 3) requirements writing may lead to requirements change. From analysis, a requirements culture emerged highlighting a need for greater understanding of company requirements cultures in situ.
Research introduction and motivation
Requirements change is an active research area for disciplines such as software engineering (Anderson and Felici, 2002; Nurmuliani et al., 2004 Nurmuliani et al., , 2006 Wen and Dromey, 2004) with various tools developed for the managing of requirements change within software systems (Ibrahim et al., 2009; Ali et al., 2013; Fernández-Alemán et al., 2016) . However, a gap exists within the electromechanical field, as its design requirement tools do not adequately address the effects of change on development time and cost (Becerril et al., 2016) . Requirement change must therefore be understood to enable the development of such a tool as often those provided by software engineering do not cover the needs of the mechanical design community (Morkos et al., 2012a) . The broad research objective is to examine the evolution of engineering requirements with a focus on the effects of change across requirements revisions to enhance the usability and value added by requirements. This study addresses the question: does a requirement culture exist at the company of study? Requirements driven culture in software engineering is defined as when a company focuses on meeting the "external functional requirements and overall performance characteristics" (Koffi, 2005 ). An overemphasis on requirements culture can have a negative impact on a company by distancing the developers from the end users (Bryant, 2015) . Requirements change research furthers the discipline's mission by aiming to understand the influences on requirements and means to mitigate their change affects. Requirements change is defined here as the addition, deletion, or modification of existing requirements (Obeidat, 2016) . The perspectives of the parties involved with requirements change in large complex projects is still an aspect that is not well understood (Almefelt et al., 2006; Morkos et al., 2010) . As requirements are at the forefront of the design process, the requirements process supports many of the activities in the design process (Tayal, 2013) . Over the course of a project, it has been reported that as many as fifty percent or more of a system's requirements may change (Morkos et al., 2012b) . Thus, in an effort to control costs and other expended resources, understanding of requirements change remains of high significance. These requirements are not necessarily changed at a single point in time. Rather, a formalized requirement change is initialized via discussion and testing prior to becoming formally documented (Almefelt et al., 2006) . However, a complete understanding of engineering changes is not yet recognized (Anderson and Felici, 2002; Felici, 2004; Shankar et al., 2012; Becerril et al., 2016) with findings suggesting that almost one third of an engineer's time can be reduced when appropriate controls are implemented during the change release process (Shankar et al., 2012) . A motivation for this research therefore aims to greater understand why requirements change occurs from the perspectives of the involved parties. By understanding requirements change, requirements may then be used to greater inform projectplanning (Jarratt et al., 2010; Siddiqi et al., 2011; Joshi et al., 2012; Summers et al., 2014; Joshi and Summers, 2015) . However, one must first have the ability to anticipate how many requirements are in each category (for example maintenance or operation) and how many more one expects to define (Robertson, 2001) , giving rise to the need for a means to gauge project impact resulting from the effects of requirements change. This ability to gauge project completeness and perform impact analysis is especially important in some time critical systems or extended development projects, such as the largescale biomedical system studied. In summary, the challenge of requirement change is due to the change being stated in the "problem domain", yet the response and employment of the changes occurring being made in the "solution domain" (Wen and Dromey, 2004) . By bridging this gap, the goals of this study are to identify and understand the factors of requirement change in the context of a complex technology development, which may contribute to the estimation of impact analysis and project planning.
Case study
While the greater study comprises both document and interview analysis, this paper addresses the interview analysis alone. The case study methodology has been employed. A case study is defined as a study planned in advance so that data collected may be analysed by others in a way which reduces the opportunity for bias, and is as intimately involved as possible with the phenomena of interest (Yin, 2003; Teegavarapu et al., 2008) . Case studies have shown to be a useful research tool, particularly when addressing topics which have previously lacked research attention (MacNealy, 1997) . Proponents of the method cite research advantages resulting from its composition of various tools, enabling it to gain greater depth into results, and create a more robust understanding. Finally, case study as a research method has been successfully employed to understand different engineering design phenomena within various contexts. For these reasons, the case study method is used during this research. The interview portion of the study empirically explores the requirements activities at the company. The focus of the interviews is to develop contextual company background and understanding, something unachievable by retrospective document analysis alone. Specifically, insight was sought into the reasons for requirement change, the company resources in place to support requirements practices, and the requirement impact on the company's process. For anonymity, the interviewees have been assigned uniform gender aliases to avoid bias.
Company background
This study focuses on a U.S based company developing a multimillion-dollar system for cancer treatment, anonymized in this account as MedTech. The iso-certified company, established in 2011, was founded by experts in the field of medical imaging and medical device development. MedTech employs approximately 100 professionals including five systems engineers, twenty mechanical/electrical engineers, five physicists, twenty software engineers, four "dedicated testers", 10-15 people "moonlighting" as testers, and several others performing routine business functions. MedTech recently received its FDA 510(k) medical device clearance and has one system installation in operation and a second under construction. As still a self-identified "startup", MedTech has remained nimble in its processes. With MedTech's agility, changes are often initiated through informal discussions or meetings, subsequently generating an engineering change notification or other design artifact. Within MedTech's environment, an opportunity exists to study requirement change and culture at a medical device developer.
Interview study
Interviews can vary widely being high or low in specificity, lasting for longer or shorter periods of time, and can be highly or loosely structured. This can be seen when asking more open-ended questions, which enables and invites a broader range of answers; or can be closed or targeted, tending to elicit more specific responses which are generally easier analysed. Interviews may be of the unstructured, semistructured, or fully structured framework (Creswell, 2008; Runeson et al., 2012) . Unstructured interviews are generally more open and exploratory in nature. Semi-structured tend to have a mix of open and closed questions and aim to be more descriptive and explanatory. They also do not have to be asked in the same order as listed on the interview guide, allowing for greater spontaneity and improvement throughout. Fully structured interviews are generally characterized by their closed questions and descriptive and explanatory aim. These are planned a priori, similar to that of the semistructured framework, yet fully structured interview questions should be asked in the same order as that marked on the interview plan (Runeson et al., 2012) . These semi-structured interviews lasted between 45 and 90 minutes, were audio recorded, and subsequently transcribed. Three interviews were therefore performed within the case study to triangulate upon the high-level causation for requirements change. A summary of the interview approach is captured in Table 1 . Interviewees were first selected using a sampling approach as discussed in (Almefelt et al., 2006) . Once interviewees were selected, the individuals were approached with an interviewing request and after subsequent interviewee acceptance, the interview questions were then generated and tested. A subset of the questions asked during the interviews is presented in Table 2 , with a complete set found in (DelSpina, 2017) . The questions clustered to illustrate triangulation through the "motivation column". 
Findings
Interviews with three of MedTech's directors were conducted. These industry experts span the disciplines of software, biomedical, and systems engineering. These were geared to achieve triangulation onto MedTech's processes of requirements change and propagation mitigation as well as obtain greater situational awareness which is unachievable from document analysis alone. For confidentiality and intellectual property, these transcripts are not included; however, may be made available in redacted form upon request. Anonymized quotations have been implemented in the following discussions. Employing transcription analysis from (Krippendorff, 2004) , three influential reasons were uncovered leading to the requirements change: 1) change in requirement leadership, 2) strategic change in regulatory scope, and 3) MedTech's learning curve on requirements; specifically, the need to form and document testable requirements. These are subsequently outlined in the proceeding sub-sections.
Requirements comptroller
Through interviews with the company directors, it was discovered that a shift in requirements ownership occurred when MedTech's current system's engineer took over the document's control. This was also confirmed through document analysis of the Design Functional Specification (DFS) where it was identified that the change took place between Revisions Three and Four (see (DelSpina, 2017) ). This was further described by one director who described the document's former owner's understanding of requirements as one which "almost anticipated design" (Tony, 3/8/16 ), essentially stating a design solution rather than a testable requirement. Similar comments were echoed to the company employed researcher by the company's president outside the interviews, and again during an interview with the company's current systems engineer, Oakley.
Government regulation
Secondly, it was discovered that scope of the regulatory submission was also a major influence in the company's requirements documentation and played a role in the requirements change experienced. This was corroborated by the company's president who stated:
"We used an essential requirements strategy for 510(k) submission; however, all requirements are a part of V&V prior to first patient treatment." (Micah, 2/28/17) Micah has presided over MedTech since its inception in 2011, as well as previously founding another medical company. MedTech has received regulatory clearance since the interviews were conducted, a result of four years of technical development. As guided by government regulators through numerous communications, MedTech enlisted to take a modular approach to the release of its requirements to the government agency. This further contributed to the change observed through document analysis and is corroborated in statements such as: (Oakley, 3/11/16) In this statement, one can see a learning period was necessary for team members and designers to align their perspectives and objectives to achieve a state of equilibrium. Moreover, it was suggested that the removal of these constraints were a possible reason for the large decrease in requirements observed from Revision Three to Four when the same director stated: (Oakley, 3/11/16) The director went on to state:
"…and now version 6 all [requirements] are being influenced by the way they are going to be tested." (Oakley, 3/11/16) 
Interview analysis discussion
Cultural differences may be found in the communication, people, activities, and/or values of a group (Dahl, 2004) . Symbols, people, and activities are the physical components of a culture. However, the underlying structure of a culture is nonphysical and only discovered through interpretation and communication by its internal members. Over the course of the interviews a requirements culture began to appear. It was found that there appears to be a culture generally centred on the management and formulation of requirements. However, an underlying significance to team values was also discovered which was embodied in the ambiguity of control, regulatory influences, and writing. This layered culture is in line with (Hsieh, 2006) as culture can be decomposed into two levels; a visible behaviour and artefact level and an underlying invisible values level. Values makeup the underlying structure of a culture. Values therefore denote member's thoughts on the way things ought to be and may therefore influence behaviour (Dahl, 2004) . Thus, in order to understand a culture one must understand the multiple layers. The reader can see the worth placed on a concise requirements document by the director, but such a concise document may not have been possible at the earliest development stage of the team. This is a reference to the phenomena of requirements creep stated in literature to denote the tendency of requirements to expand over the course of a project (Young, 2004; NASA, 2010; Ferreira et al., 2011; Oehmen, 2012) . This was echoed by MedTech's software engineering director in the statement:
Requirement control
"If we had actually managed our requirements process better we would have saved a lot of time. We would have saved a lot of time and energy. We discovered these things, a little bit the hard way." (Tony, 3/8/16) This has also been observed in literature. Where, the most influential variable on the cost of requirements stems from change management, with a significant amount of time also spent collecting and finding information which is inconsequential to the accomplishment of activities and tasks (Morkos et al., 2010 (Oakley, 3/11/16) As designers look to various knowledge bases including existing and pre-existing project records (Morkos et al., 2010) , this is a notable point tying in with comments made by the other directors. As delays are often a result of the time expended during data acquisition (Morkos et al., 2010) , the time expended by team members to perform cumbersome document comparisons were both manual and cumbersome, simultaneously not furthering project development. As a result, the company installed state-of-the-art document control and requirements tracing tools and validated them. From these comments, one can begin to see a general consensus by the directors for clarity on the requirements management practice and the importance of a dedicated requirements comptroller.
Regulatory influence
Requirements documents progress from internal documents in the early stage product development to external documents available to outside government agencies and vendors. This suggests a duality of purpose to requirements. This transmutation may therefore introduce an external regulatory influence into the internal requirement culture, thus not only directing a requirements culture but also forming it.
There may therefore be a need for both an inward facing requirements culture and outward facing requirements culture, with the company recognizing this duality. Oakley explained the significance of these regulatory documents for the BG-95 stating:
"All those things [regulatory documents] feed into the way we conduct our hazard analysis. When we create it, when we add to it, the way we review it, and how we demonstrate control of the risks that the device proposes." (Oakley, 3/11/16)
The regulatory influence on a developing requirements culture is therefore not inconsequential. Having such deep roots within the "when", "why" and "how" requirements are approached by the company, one can see this regulatory influence may not only direct a developing requirements culture but also shape it. While this influence may come in the form of explicit guidance such as the regulatory documents described above, it may also influence the development time allotted to the team or company. One director explains this as, "Releasing those [requirements] are kind of tied to some milestones in our company." (Hayden, 3/8/16) , referencing the fact that regulatory approval is tied to critical milestones and competitive strategy. Another director explained this as "Some of those revisions are coming from clarity, some of it is driven by the need to close." (Tony, 3/8/16) , again referencing the relation between regulatory clearance, competitive strategy, and requirement scope. The regulatory influence on a developing requirements culture can be seen not only in tangible form such as the guidance documents, but also in a deeper nontangible form such as the timeline imposed when completion of regulatory clearance becomes an organization milestone. A variable to the timeline is scope of user requirements that will directly impact the number of design requirements and validation necessary. As development progresses and the competitive marketplace develops, the scope of requirements should be expected to change. This regulatory influence may therefore not only direct a new requirement culture, but also develop it as requirements transcend from internal to external documents. This duality imposed from transcendence of an internal document to an external document raises the question is there an inward/outward facing requirements culture? To this point, within engineering design literature, little research exists towards the regulatory influence on requirements culture at medical device developers.
Requirement writing
With respect to the writing of requirements, MedTech began with a unique design problem as "There was a pre-existing device that worked well but wasn't ready for distribution or marketing." (Oakley, 3/11/16) . The company recognized the need for detailing this problem through requirements. However, MedTech's former comptroller authored solution-based requirements which were untestable, leading to confusion. This was detailed by the company's current comptroller as: (Oakley, 3/11/16) In this, the director repeats the notion that the requirements defined the solution. This was again reinforced by a director when he stated, with respect to the requirements:
"I think certainly almost everybody probably appreciates now that the way that we did it originally was not the way it was supposed to be done." (Tony, 3/8/16) The directors' comments further suggest a learning curve in the requirements writing. This was again repeated by a separate director who recalled company activities where: (Hayden, 3/8/16) This created confusion and frustration with respect to requirements to the point where some saw no real value in engaging with requirements writing until improvements were made in structure and control. Hayden's statement further aligns with interviews conducted in (Almefelt et al., 2006) where it was suggested that the leading issue with respect to the understanding of requirements was the misinterpretation of requirements resulting from their ambiguity. This ambiguity was then found to lead to further issues during the verification phase where the ambiguity produced problems in understanding how to meet or exceed the requirement (Almefelt et al., 2006) . This aligns with other researcher's findings that a large quantity of time is expended towards the team synthesis of a mutual cognitive architecture (Curtis et al., 1988) . These comments made by MedTech's directors fall in line with the findings of a study conducted on an automotive company in (Almefelt et al., 2006) where it was found that requirements transform from ambiguous and unstructured statements to greater defined, traceable requirements. It was further found that the greatest issue with respect to the requirements were their interpretation, which lead to confusion resulting from the vagueness of the requirements. The comment made by the company's engineering director, with respect to the test writing of requirements in (Almefelt et al., 2006) , further highlights the importance, stating "the meaning of a requirement is dependent on the prescribed verification method" (Almefelt et al., 2006) . This comment therefore suggests that testing of the requirement is critical to understanding how to meet or exceed the requirement. Further, in the early phases prior to the establishment of any formal requirements specification, a preliminary specification was used which was founded on the "state-of-the-art technical knowledge and assumed overall prerequisites" which was also seen to be partial towards solutions. The requirements were not formulated until the solutions were already well known and the automotive development "is characterized by evolution rather than revolution" (Almefelt et al., 2006) . In a study of eleven industries across seven European countries (seven of which had between five and 100 employees, with the remaining four having greater than 100 employees), approximately 70% of the companies with an in-house or commercial requirements management system controlling more than 1,000 requirements are still not implementing requirements techniques for the extraction or discussion of requirements (Juristo et al., 2002) . Reviewing these studies in non-medical device developments, one can see the challenges of requirements writing and ambiguity are not contained to that of medical device developers alone.
Summary on requirements culture
Despite research into requirements engineering practices, companies are largely not adopting these ideals (Morris et al., 1998) . This, coupled with the fact that many of the requirements evolution challenges are cultural in nature, suggests the need for further research into current company requirements cultures. This need has further been identified in literature, resulting from intercultural research becoming progressively more important in globalized industry settings (Dahl, 2004) . However, in spite of this increasing significance, academics and scholars rarely employ empirical cultural studies to analyze their findings. This lack of use should not be overlooked, as empirical cultural studies are necessary to interpret differences in culture at a deeper level than behavior (Dahl, 2004) . Moreover, as no mutually accepted definition of culture or a means to measure it currently exists, a debate persists regarding the soundness of the current data used to define culture and its definition (Dahl, 2004) . In performing requirement culture studies, cultural awareness learned from one environment may assist others in different environments by providing insight into overlapping issues and challenges. As engineering design remains deficient to the complexity of large projects and organizations (Almefelt et al., 2006; Morkos et al., 2010) , a major recommendation from this study is that there exists a need to greater understand company cultures in situ, especially as they relate to views and influences on requirements. Similar requirement behaviour was found to exist across medical, avionic (Anderson and Felici, 2002) , and automotive domains (Morkos et al., 2012a) , irrespective of project size; this work therefore provides quantitative and qualitative insight to the posit that requirement evolution may occur similarly across domain boundaries despite project size. This study does suggest that a requirement culture exists at MedTech. Justification for this inference can be found when looking to the components of communication, people, symbols, activities, and values inherent to a culture, with a requirements culture emphasizing meeting system functionally and performance characteristics. As changes to requirements may result in prolonged development, increased costs, and unnecessary expenditure of company resources, greater understanding of requirements cultures may lead to increased understanding of requirement change influences. An interview protocol is developed for interviews across systems, software, and engineering directors at the company of study, and may be used for replicative studies in other domains. A requirement document analysis protocol is developed for use by other requirement researchers to analyze requirement evolution. This paper therefore begins the foundation for future work in requirements culture research.
Future work
When surveying current requirements change literature, one can see the predominate area aim to greater understand the change of requirements by looking at the entire specifications document and identifying individual requirements which may be most susceptible to change. However, little effort is expended to understand the phenomena of the change. This is further compounded when one sees the greater need for developing tools and techniques to manage the change. Specifically, a deeper dive is needed into the realm of local requirement change, which could afford a greater global accuracy analysis to be conducted when aiming towards greater requirement change propagation prediction (Morkos et al., 2012a) . Future expansion from this paper could include local syntactical requirement analysis on the MedTech requirement data set using the requirements change propagation predication tool (RCPPT) developed in (Morkos et al., 2012a) . In using the RCPPT, nouns, verbs, and user selected keywords may be analyzed to research the ability of requirements to be used to predict requirement change propagation. In this first approach, one may ask the research question can MedTech's medical device requirements be used to predict change propagation at the company of study? Through use of the company's eight requirements documents, consisting of more than 1,000 requirements, one may feed the requirements into the RCPPT to investigate possible relationships between requirements which may aid in the prediction of requirement change propagation. In performing this second approach, one may ask the research question what types of relators exist between MedTech requirements which may predict change propagation at the company of study? In answering this second research question, one may discover relators between MedTech requirements which may aid designers in a greater ability to gauge the impact of proposed requirement changes. Requirement relators may exist in the form of part of speech relationships, such as noun, verb, or user selected keyword. In greater understanding these requirement relators, one may then obtain the ability to develop a weighting system to be implemented for the ranking of requirements in terms of likelihood of requirement change. In this, a third research question may be can a weighting system be implemented on MedTech requirements to gauge likelihood of requirement change at the company of study? In approaching this third research question, one may develop a weighting system which characterizes the likelihood of requirement change at the company of study. This weighting system may then be validated on the company's eight requirement revision dataset, and subsequently verified on other requirement datasets such as the Toho, Pierburg, and EVRAZ datasets outlined in (Morkos et al., 2012a) . If a pattern is found to exist amongst these industry case studies, one may then wish to impose these three research questions on senior design project requirements to compare and contrast the similarities and differences in senior design requirements with that of industry requirements. This analysis on senior design requirements may then prompt a fourth research question, do senior design project requirements behave similar to that of the MedTech, Toho, Pierburg, and EVRAZ datasets?
